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What We Talk About When We Talk 
About Viruses 

John Moore, Getty Images 
(Nature, 2014)
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Image source: CDC

Source: CNN
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Influenza virus
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Source: CDC



But viruses infect organisms across the 
diversity of life

Humans
Mammals

Birds
Insects
Plants

HIV, Ebolazaire, Rhinovirus,…
Lentivirus, ...
Avian influenza, ...
Baculovirus, ...
Tobacco mosaic virus, ...



But viruses infect organisms across the 
diversity of life, including microbes

Humans
Mammals

Birds
Insects
Plants

Amoeba
Archaea
Bacteria

HIV, Ebolazaire, Rhinovirus,…
Lentivirus, ...
Avian influenza, ...
Baculovirus, ...
Tobacco mosaic virus, ...
Giant mimiviruses
Sulfulobus spindle viruses
Bacteriophages (lambda, T4, ...)

T4 – mbio.ncsu.eduSSV – Quemin et al. J. Vir. 2015Mimivirus – Raoult et al. CID 2007



The life of a bacterial virus (phage)
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A “predator-prey” model is the basis for 
studies of virus-microbe population dynamics

Interactions:
Resource inflow/outflow
Host growth and outflow
Viral lysis and outflow

Result: “Lotka-Volterra” like 
predator-prey dynamics
Similar model proposed by Campbell (1961) Evolution 15: 153
& adapted to phage-bacteria chemostats by Levin et al. (1977) Am. Nat. 111:3

Dynamic model

Counter-clockwise cycles
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The same types of cycles can be observed in 
virus-host population dynamics (in the lab)
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“Predator-prey” like cycles 
between phage T4 and E. coli B

Data: Bohannan & Lenski, 
Ecology (1997)

Virus

HostTake-home message:

Original models of viral-host 
dynamics presuppose a “simple” 
one virus, one host relationship.

Further analysis of this and other cases in:
Weitz, Quantitative Viral Ecology: Dynamics of Viruses and 
Their Microbial Hosts, Princeton University Press, 2015.
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Virus-host interactions modify 
the fate of cells on time scales 
similar to division times…
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Infection and lysis leads to 
oscillatory dynamics at the 
population scale…

Which scale-up to massive 
ecosystem effects when integrated 
over the global oceans.

The Problem of Scales in 
Quantitative Viral Ecology:

Linking Mechanism to Pattern
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But do viruses of microbes do more than 
kill or prepare to kill?
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The majority of the individuals of a lysogenic population do not produce
bacteriophages. Phages are produced only by a small percentage of bacteria and
are liberated by bacterial lysis. The expression of lysogeny, phage production,
being lethal, lysogeny can only be perpetuated as a potential character. A given
lysogenic bacterium may produce one or several types of phages. When a
nonlysogenic bacterium is infected and lysogenized with a given phage, the
lysogenic strain produces the original phage. Thus, lysogenic bacteria perpetuate
a specific structure (figure 1). But when a lysogenic bacterium is disrupted, no
infectious particles are released. Lysogeny is perpetuated in the form of a non-
infectious structure. This specific noninfectious structure, endowed with genetic
continuity, is called prophgae. Prophage is the form in which lysogenic bacteria

Loss ofproph-ge

tZD, no./qYSOyenIcbh. 2 LYX4sogen/cb. f- J

I ~~Reduct/ve~*
Iinfection Stearvdtion
I . wf~~~~~~~~(naptb.2

Itse0 Aptb.

I._"_ __o)._.____

_ Grophgnophege, .. 8ecteriophgeJ'e /~ nduc/ng agents. b. bacteria
FIG. 1. General view of lysogeny

perpetuate the power to produce phage. Its multiplication is correlated with bacte-
rial reproduction. It seemsi to be located at a specific site of a bacterial chromo-
some and to behave in crosses as a bacterial gene.
Any phage entering a bacterium loses its infectious power. Never is a phage

multiplied as such by binary fission. If infection is to be productive, if phage is to
be produced, the infecting phage enters the vegetative phase of the life cycle. During
the vegetative phase the genetical material of phage is multiplied in the form of
gonophage, and the specific phage proteins are synthesized together with nucleic
acid. The vegetative phase culminates in the organization of infectious or mature
phage particles. When the infection is going to be reductive, when the bacterium
is going to be lysogenized, the genetic material of the infecting phage or germ is
"reduced" into prophage.

1953 – Lwoff, A., Bacteriology Reviews

LYSOGENY1
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Cell-fate decision following infection. (a) A schematic description of our cell-fate assay. Multiple fluorescently labeled phages ( green)
simultaneously infect individual cells of Escherichia coli. The postinfection fate can be detected in each infected cell. Choice of the lytic
pathway is indicated by the intracellular production of new fluorescent phages, followed by cell lysis. Choice of the lysogenic pathway is
indicated by the production of red fluorescence from the PRE promoter, followed by resumed growth and cell division. The three stages
of the process correspond to the three images seen in panel b. (b) Frames from a time-lapse movie depicting infection events. At time t =
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Why Be Temperate? 
A 40+ year-old question

98 STEWART AND LEVIN 

are the growth rates of the sensitive and resistant cell populations, respec- 
tively. The parameters as and aR, are the selection coefftcients; if positive, 
these cell lines are less fit than lysogens and if negative, more fit. With this 
change in parameters, for the situation of lysogens, sensitive cells, and 
temperate phage, the model specified by Eqs. (1.1~(1.6) takes the form 

i = p(C - r) - ety(r)(L t (1 - a,)S), (3.1) 

i=yl(r)L tA&ST-(ptrtr)L, (3.2) 
j = (1 - a,) y(r)S - 6, ST t SL - pS, (3.3) 

f=i&L t&(1 -1)6,ST-S,LT-PT. (3.4) 

It is intuitively reasonable that if the lysogens can be maintained in the 
habitat and there is a positive rate of segregation, sensitive cells will be 
produced and will continue to be present. The frequency of sensitive cells 
would depend on the rate of segregation, their growth rate relative to the 
lysogens, and the phage infection parameters. With a finite rate of 
segregation it is not possible for the temperate phage to persist without 
sensitive cells also being present. However, if the sensitive cells have an 
adequate growth rate advantage and the phage are unable to be sustained in 
populations of just sensitive cells, then it is possible that the presence of 
sensitive bacteria will lead to the elimination of lysogens and free temperate 
phage. Therefore in this consideration of existence conditions, it is critical to 
know the conditions under which the temperate phage can invade a 
population of sensitive cells and their fate following invasion. If, in fact, they 
can invade, then as long as there is a positive probability of lysogeny, there 
will also be a population of lysogens present. 

While these qualitative considerations are straightforward, the formal 
quantitative analysis of invasion conditions and equilibria is a bit more cum- 
bersome. 

Consider the equilibrium values F, s^ when neither lysogen nor temperate 
phage are present. The growth rate of sensitive cells must match their rate of 
loss: 

w,(f) = (1 - as) WV) = P. (3.5) 

Thus from Eq. (3.1) ^ c QP S=(C-i)/e= C- (l-a,)P-p 
)i 

e. 

To see what will happen if a few lysogens and/or temperate phage invade 
this equilibrium system we may neglect terms of the second order in L and T 
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A model of the interactions between populations of temperate and virulent 
bacteriophage with sensitive, lysogenic, and resistant bacteria is presented. In the 
analysis of the properties of this model, particular consideration is given to the 
conditions under which temperate bacteriophage can become established and will 
be maintained in bacterial populations. The effects of the presence of resistant 
bacteria and virulent phage on these “existence” conditions for temperate viruses 
are considered. It is demonstrated that under broad conditions temperate phage will 
be maintained in bacterial populations and will coexist with virulent phage. 
Extrapolating from this formal consideration of the population biology of temperate 
bacteriophage, a number of hypotheses for the conditions under which temperate, 
rather than virulent, modes of phage reproduction are to be anticipated and the 
nature of the selective pressures leading to the evolution and persistence of this 
“benign” type of bacterial virus are reviewed and critically evaluated. Two 
hypotheses for the “advantages of temperance” are championed: (1) As a conse- 
quence of the allelopathic effects of diffusing phage, in physically structured 
habitats, lysogenic colonies are able to sequester resources and, in that way, have 
an advantage when competing with sensitive nonlysogens. (2) Lysogeny is an adap- 
tation for phage to maintain their populations in “hard times,” when the host 
bacterial density oscillates below that necessary for phage to be maintained by lytic 
infection alone. 

Bacteriophage are classified as virulent or temperaie on functional rather 
than evolutionary grounds. For the typical virulent phage, reproduction 
necessarily results in the death of the infected bacterium. They adsorb to 
specific receptor sites on the bacterium and inject their genetic material 
(DNA or RNA), initiating the phage reproduction cycle. After a latent 
period, the cell lyses and infective phage particles are released. Temperate 
phage can also reproduce by this lytic process, but in their case there is a 
certain probability that the injected DNA will enter into a semistable state 
with the bacterium, rather than initiate the lytic process. Then known as a 
prophage, this temperate phage DNA will replicate in the course of cell 
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FIG. 1. The fates of temperate and virulent phage under feast and famine conditions. 
Parameter values: P = 0.7, Q = 4.0, e = 5 X lo-‘, p = 0.2, C, = 2.0, C, = 7.0, c, = 0.97592, 
C, = -12.0, c, = 0.0294, a, = -0.02, I,= 10-3, <= lo-‘, 5 = 10-j, 6, = 1o-9 6, = 
8 X lo-lo, pv = 100, p, = 80. 0, resource concentration; 0, sensitive cells; +, lysogens; X, 
temperate phage; A, virulent phage. 

Fig. 1, in times when resources are more abundant, the densities of all of the 
populations increase. However, following famines, the densitity of the 
virulent phage population is lower than that at the end of the previous period 
of dearth, while that of the temperate phage is correspondingly higher. 

Thus, if the densities of natural populations of bacteria vary substantially 
in the course of time for reasons other than phage infection, and if there are 
extended periods where the densities are too low to support virulent phage, 
this situation would represent a open niche for a temperate mode of phage 
replication. 

APPENDIX 

The choice of the equations to be used to establish the uniqueness of the 
equilibrium is rather arbitrary. The original equations can be combined in 
any number of different ways to get new equations. Some of these will be 
more convenient to use or give sharper bounds than the original equations. 
Each equation is used to give bounds on a variable, but often it can be 
rearranged to give bounds on another variable. At times it may be helpful to 
introduce new variables, combinations of the original ones. 

Feast or Famine Hypothesis
Premise: temperate phage do better when few hosts 
are available and extracellular mortality rate are high.

Caveat: “In spite of the intuitive appeal of this low 
density hypothesis, we are unable to obtain solutions 
consistent with it using the model presented here.”
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Lysogeny and Plankton Blooms:
An Inverse Relationship with Plankton Density

Springtime’s moderate levels of bacterial abundance,
production and chlorophyll a concentration were
matched by moderate viral abundance, with few
lytic viral infections and a large fraction (5–16%) of
lysogens (that is, bacteria that contained inducible
prophages). In contrast, summertime had character-
istically higher levels of all measured parameters
except lysogeny, which was nearly undetectable.
Although the virus to bacterium ratio (VBR) varied
considerably during the study period, ranging from 6
to 34 (Supplementary Figure S1), there was no
significant relationship between VBR and lysogeny
or lytic infections (Table 1). Notably, sampling in
this study occurred after the sea ice had melted,
therefore the observed dynamics cannot be directly
attributed to the release of ice-associated viruses and
microorganisms into the water column following
seasonal ice melt (Paterson and Laybourn-Parry,
2012).

Comparative analyses of dsDNA viromes con-
structed from free viruses and induced viruses (that
is, temperate viruses chemically induced to switch
from lysogeny to lytic replication) at two sampling
dates in the spring and summer were conducted
using a new shared k-mer-based social network
analysis that takes into account the abundance of
shared and unique sequences among samples, and
does not require assembly or annotation of the
virome sequences (Hurwitz et al., 2014). Although
these viromes do not include single-stranded DNA or
RNA viruses, the o0.2 μm dsDNA viruses that they
do include are thought to be numerically dominant
in marine viral assemblages (reviewed by Brum and
Sullivan, 2015). The spring-free virome was mark-
edly different from both induced viromes, with the
majority (59%) of its sequences absent from the
induced viromes, suggesting they represented lytic
viruses (Figure 2). In contrast, the summer-free
virome was highly similar to both induced viromes
(sharing 82% of its sequences with the induced
viromes) and was therefore assumed to be predomi-
nantly comprising temperate viruses capable of
utilizing both lysogeny and lytic replication
(Figure 2). Given that summer-free viruses were ca
fourfold more abundant than spring-free viruses
(Figure 1), these results also suggest that temperate
viruses dominate the WAP viral assemblage, at least
for dsDNA viruses examined here.

Together, the ecological and metagenomic results
suggest that temperate viruses primarily used

Figure 1 Ecological variables measured in the surface ocean at
Palmer LTER Station B from November 2010 through January
2011. Bacteria refers to Bacteria plus Archaea. Lytic viral
infections are measured as the frequency of infected cells (FICs)
and lysogeny is measured as the percentage of bacteria with
inducible prophages. Error bars for FICs are upper and lower 95%
confidence intervals. Error bars for bacteria, viruses and lysogeny
are s.d. of the means of triplicate samples. 0, below detection;
*, statistically significant results for lysogeny; arrows indicate
when samples for virome construction were collected.

Temperate viruses in the Southern Ocean
JR Brum et al

439
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‘Seasonal Timebombs’: 
Lysogeny prevalent given 
low productivity and lysis 
elevated at high productivity
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An Alternative Hypothesis:
“Piggyback-the-Winner”
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Piggyback-the-winner – lysogeny is 
positively correlated with increases in host 
density and productivity. 
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Piggyback-the-Winner: 
Re-examining the metagenomics evidence

Piggyback-the-winner – lysogeny is 
positively correlated with increases in host 
density and productivity. 

Knowles et al. Nature 2016
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Re-examining the metagenomics evidence

Piggyback-the-winner – lysogeny is 
positively correlated with increases in host 
density and productivity. 

Knowles et al. Nature 2016
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Take-away
Absence of evidence for a positive correlation 

between lysogeny proxies and cell density.
Weitz et al. Nature 2017 & response

from Knowles & Rohwer, Nature 2017

Similar absence of evidence when examining 
the ratio of viruses to microbes as a proxy.

Alrasheed, Jin & Weitz, Nat Comm 2019
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A new puzzle:
A virus in the cell is worth N virions in the bloom.

But, what is N?
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

d0 is the loss rate of infected cells, then only a fraction
⌘/(⌘+d0) of infected cells will release virions before being
washed out of the system. As such, the corrected basic
reproduction number for obligately lytic viruses is:

Rhor = �

✓
�S⇤

�S⇤ + m

◆✓
⌘

⌘ + d0

◆
(4)

Although both interpretations - the virion-centric and
the cell-centric - lead to equivalent estimates of R0 for
obligately lytic viruses, we will use the cell-centric def-
inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-
tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing

Viral proliferation at the individual level
for lytic strategies
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

d0 is the loss rate of infected cells, then only a fraction
⌘/(⌘+d0) of infected cells will release virions before being
washed out of the system. As such, the corrected basic
reproduction number for obligately lytic viruses is:

Rhor = �

✓
�S⇤

�S⇤ + m

◆✓
⌘

⌘ + d0

◆
(4)

Although both interpretations - the virion-centric and
the cell-centric - lead to equivalent estimates of R0 for
obligately lytic viruses, we will use the cell-centric def-
inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-
tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
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could, in principle, lyse the cell or integrate its genome with
that of the host. Here, the mother virus integrates and forms a
lysogen. The lysogen divides three times before it is removed,
thereby producing three daughter cells with virus genomes.
The vertical R0 of this virus is 3.
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FIG. 5: Basic reproduction number of temperate viruses as
a function of susceptible cell density. The increasing (red)
line denotes the horizontal R0 if temperate phage infect then
always lyse cells. The decreasing (blue) line denotes the verti-
cal R0 if temperate viruses always integrate with their hosts.
Relevant parameters are � = 50, � = 6.7 ⇥ 10�10 ml/hr,
K = 7.5⇥107 ml�1, and b0 = 0.32, 0.54 and 1 hr�1 as well as
d0 = 0.75, 0.44, and 0.24 hr�1 for the three lysogeny curves
from bottom to top respectively.

number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
lysogen, on average, and those lysogens will do the same,
and so on.

Measuring reproduction in this way also provides a

mechanistic interpretation to the value of vertical trans-
mission without invoking environmental fluctuations or
other long-term measures of fitness. As is evident, lyso-
gens reproduce more frequently when they are subject to
less competition with hosts, i.e., when S⇤ is small relative
to K. Given the value of S⇤ in the particular ecological
model of Eq. (5), the basic reproduction number can be

written as Rver = (b0/d0)

�
(b/d). Hence, if lysogens

have more advantageous life history traits than do sus-
ceptible cells (as measured by a higher birth to death
rate ratio, i.e., b0/d0 larger than b/d), then viruses can
spread exclusively via vertical transmission. This benefit
of lysogeny applies in the immediate term and provides
direct support for how a lysogen that benefits its host can
also benefit the virus. However, if lysogeny comes with a
cost (i.e., b0/d0 lower than b/d), then vertical transmission
alone will not be enough for Rver > 1. More generally,
note that Rver is a monotonically decreasing function of
S⇤, such that increased abundances – all things being
equal – diminishes the advantage for vertical transmis-
sion.
To consider horizontal transmission, consider the case

where p = 1 and q = 0. In that case, analysis of the
full model in Eq. (5) reduces to that of the obligately
lytic virus already presented in Eq. (A5). This raises the
question: does a strictly lytic or strictly lysogenic strate-
gy have a higher basic reproduction number? Recall that
the horizontal R0 is an increasing function of susceptible
cell density, i.e., when there are more hosts then the value
of horizontal transmission increases. The value of Rhor

and Rver cross at a critical value, Sc, which satisfies

b0
�
1� Sc

K

�

d0
=

��Sc

�Sc + m
(8)

For S > Sc, then p = 1 and q = 0 has the high-
er basic reproduction number, (i.e., horizontal transmis-
sion is favored) whereas for S < Sc, then p = 0 and
q = 1 has the higher basic reproduction number, (i.e.,
vertical transmission is favored). Extending prior analy-
sis, we identify threshold conditions separating out when
lysis should be favored at high density vs. when lysoge-
ny should be favored at low density (see Figure 5). The
use of a cell-centric metric makes it evident that vertical
transmission can be evolutionarily advantageous given
low densities of permissive hosts without invoking group
selection or long-term fitness (see [40]).

V. CHRONIC VIRAL STRATEGIES

Finally, we consider the dynamics of “chronic” virus
strategies, or what have been termed “chronic” or “pro-
ducer” strains in other contexts. We use the term chronic
to denote those viruses that infect cells, are propagated
along with the cell, and produce virions that are released
from the cell without lysis, e.g, like filamentous phage

Viral proliferation at the individual level
for lytic strategies and latent strategies
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

d0 is the loss rate of infected cells, then only a fraction
⌘/(⌘+d0) of infected cells will release virions before being
washed out of the system. As such, the corrected basic
reproduction number for obligately lytic viruses is:

Rhor = �

✓
�S⇤

�S⇤ + m

◆✓
⌘

⌘ + d0

◆
(4)

Although both interpretations - the virion-centric and
the cell-centric - lead to equivalent estimates of R0 for
obligately lytic viruses, we will use the cell-centric def-
inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-
tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
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FIG. 5: Basic reproduction number of temperate viruses as
a function of susceptible cell density. The increasing (red)
line denotes the horizontal R0 if temperate phage infect then
always lyse cells. The decreasing (blue) line denotes the verti-
cal R0 if temperate viruses always integrate with their hosts.
Relevant parameters are � = 50, � = 6.7 ⇥ 10�10 ml/hr,
K = 7.5⇥107 ml�1, and b0 = 0.32, 0.54 and 1 hr�1 as well as
d0 = 0.75, 0.44, and 0.24 hr�1 for the three lysogeny curves
from bottom to top respectively.

number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
lysogen, on average, and those lysogens will do the same,
and so on.

Measuring reproduction in this way also provides a

mechanistic interpretation to the value of vertical trans-
mission without invoking environmental fluctuations or
other long-term measures of fitness. As is evident, lyso-
gens reproduce more frequently when they are subject to
less competition with hosts, i.e., when S⇤ is small relative
to K. Given the value of S⇤ in the particular ecological
model of Eq. (5), the basic reproduction number can be

written as Rver = (b0/d0)

�
(b/d). Hence, if lysogens

have more advantageous life history traits than do sus-
ceptible cells (as measured by a higher birth to death
rate ratio, i.e., b0/d0 larger than b/d), then viruses can
spread exclusively via vertical transmission. This benefit
of lysogeny applies in the immediate term and provides
direct support for how a lysogen that benefits its host can
also benefit the virus. However, if lysogeny comes with a
cost (i.e., b0/d0 lower than b/d), then vertical transmission
alone will not be enough for Rver > 1. More generally,
note that Rver is a monotonically decreasing function of
S⇤, such that increased abundances – all things being
equal – diminishes the advantage for vertical transmis-
sion.
To consider horizontal transmission, consider the case

where p = 1 and q = 0. In that case, analysis of the
full model in Eq. (5) reduces to that of the obligately
lytic virus already presented in Eq. (A5). This raises the
question: does a strictly lytic or strictly lysogenic strate-
gy have a higher basic reproduction number? Recall that
the horizontal R0 is an increasing function of susceptible
cell density, i.e., when there are more hosts then the value
of horizontal transmission increases. The value of Rhor

and Rver cross at a critical value, Sc, which satisfies

b0
�
1� Sc

K

�

d0
=

��Sc

�Sc + m
(8)

For S > Sc, then p = 1 and q = 0 has the high-
er basic reproduction number, (i.e., horizontal transmis-
sion is favored) whereas for S < Sc, then p = 0 and
q = 1 has the higher basic reproduction number, (i.e.,
vertical transmission is favored). Extending prior analy-
sis, we identify threshold conditions separating out when
lysis should be favored at high density vs. when lysoge-
ny should be favored at low density (see Figure 5). The
use of a cell-centric metric makes it evident that vertical
transmission can be evolutionarily advantageous given
low densities of permissive hosts without invoking group
selection or long-term fitness (see [40]).

V. CHRONIC VIRAL STRATEGIES

Finally, we consider the dynamics of “chronic” virus
strategies, or what have been termed “chronic” or “pro-
ducer” strains in other contexts. We use the term chronic
to denote those viruses that infect cells, are propagated
along with the cell, and produce virions that are released
from the cell without lysis, e.g, like filamentous phage

Viral proliferation at the individual level
for lytic strategies and latent strategies

Two vastly different strategies can lead to 
the same ‘fitness’ at the individual level.

How does this depend on cell densities?
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We linearize the dynamics around the virus-free equilibrium,
(S⇤, 0, 0) where S⇤ = K(1 � d/b), and focus on the infected sub-
system of X(t) = [I(t) V (t)]|. The linearized infected subsystem
dynamics can be written as Ẋ = (T + ⌃)X where

T =


0 �S⇤

0 0

�
(A2)

denote transmissions events (i.e., corresponding to epidemiological
births) and
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(A3)

denote transition events (i.e., corresponding to changes in the state
of viral genomes, including loss of infections). Via the NGM the-
ory, the basic reproduction number R0 corresponds to the largest
eigenvalue of the matrix �T⌃�1. The i, j matrix elements of ⌃�1

correspond to the expected duration in state i of a viral genome
that begins in state j. For this model,
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As a consequence, the basic reproduction number is:
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2. Temperate-like strategies

Consider the dynamics of susceptible cells, infected cells (which
denote lysogens), and virus particles:
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where N = S+ I is the total cell population density. As before, we
linearize the dynamics around the virus-free equilibrium, (S⇤, 0, 0)
where S⇤ = K(1 � d/r), and focus on the infected subsystem of
X(t) = [L(t) V (t)]|. The linearized infected subsystem dynamics
can be written as Ẋ = (T + ⌃)X where
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denote transition events. For this model,
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As a consequence, the basic reproduction number is:
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qb0(1� S⇤/K)
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3. Chronic strategies

Consider the model of interactions between chronic viruses and
microbial hosts:
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where N = S + I is the total population density of cells. We rec-
ognize that the previous temperate model and the current chronic
strategy model can be re-scaled to be equivalent. Nonetheless,
the trade-o↵ mechanisms are di↵erent and we note that in chronic
infections, release of new virions need not be associated with lysis.

As before, we linearize the dynamics around the virus-free equi-
librium, (S⇤, 0, 0) where S⇤ = K(1�d/b), and focus on the infected
subsystem of X(t) = [I(t) V (t)]|. The linearized infected subsys-
tem dynamics can be written as Ẋ = (T + ⌃)X where
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denote transition events. For this model,
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As a consequence, the basic reproduction number is:

R0 =
b0(1� S⇤/K)
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We linearize the dynamics around the virus-free equilibrium,
(S⇤, 0, 0) where S⇤ = K(1 � d/b), and focus on the infected sub-
system of X(t) = [I(t) V (t)]|. The linearized infected subsystem
dynamics can be written as Ẋ = (T + ⌃)X where
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denote transition events (i.e., corresponding to changes in the state
of viral genomes, including loss of infections). Via the NGM the-
ory, the basic reproduction number R0 corresponds to the largest
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�⌃�1 =

" 1
⌘+d0 0

�
�S⇤+m

⇣
⌘

⌘+d0

⌘
1

�S⇤+m

#
(A4)

As a consequence, the basic reproduction number is:

R0 =
��S⇤

�S⇤ +m

✓
⌘

⌘ + d0

◆
(A5)

2. Temperate-like strategies

Consider the dynamics of susceptible cells, infected cells (which
denote lysogens), and virus particles:
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where N = S+ I is the total cell population density. As before, we
linearize the dynamics around the virus-free equilibrium, (S⇤, 0, 0)
where S⇤ = K(1 � d/r), and focus on the infected subsystem of
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3. Chronic strategies

Consider the model of interactions between chronic viruses and
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where N = S + I is the total population density of cells. We rec-
ognize that the previous temperate model and the current chronic
strategy model can be re-scaled to be equivalent. Nonetheless,
the trade-o↵ mechanisms are di↵erent and we note that in chronic
infections, release of new virions need not be associated with lysis.

As before, we linearize the dynamics around the virus-free equi-
librium, (S⇤, 0, 0) where S⇤ = K(1�d/b), and focus on the infected
subsystem of X(t) = [I(t) V (t)]|. The linearized infected subsys-
tem dynamics can be written as Ẋ = (T + ⌃)X where
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Viruses increase in 
population, within 
infected cells given 
exclusively horizontal 
transmission when

is greater than 1

2

larly during unfavorable periods for hosts (via lysogeny).
Such arguments rely on generalized estimates of long-
term growth rates without invoking the nonlinear feed-
back mechanisms underlying virus-microbe interactions.
Moreover, a focus on long-term estimates of growth does
not directly address whether killing a microbial host
cell is the advantageous strategy for a virus at a giv-
en moment in time. As noted by [28], ecological mod-
els that incorporate feedback mechanisms of virus-host
interactions are required to understand the viability of
realized viral strategies.

Viruses have evolved many mechanisms to propagate
with microbial hosts. Here, we use the word “strategies”
to denote the type of mechanism underlying viral propa-
gation. Comparing the relative fitness of viral strategies
requires some means to quantify reproduction and sur-
vival across an entire viral life cycle, even if the molecular
details, host strain, or virus strain di↵er. Here we pro-
pose to utilize an epidemiological framework to quantify
viral fitness in which viral proliferation amongst micro-
bial hosts is measured in terms of infected cells instead of
virus particles. We show how doing so can help predict
and explain a continuum of infection strategies observed
in di↵erent environmental contexts.

II. ON HORIZONTAL AND VERTICAL
TRANSMISSION

Viruses are obligate intracellular parasites. As such,
virus-microbe dynamics can be re-cast in terms of the
spread of an infectious disease through a microbial popu-
lation. The risk for the spread of an infectious disease can
be quantified in terms of the basic reproduction number,
R0, “arguably the most important quantity in infectious
disease epidemiology” [29]. In mathematical epidemiolo-
gy, R0 is defined as the average number of new infected
individuals caused by a single (typical) infected individu-
al in an otherwise susceptible population [30]. Measuring
R0 is the de facto standard for assessing pathogen inva-
sion, e.g., when R0 > 1 then a pathogen is expected to
increase its relative abundance in a population [31, 32].

Thus far, estimates of R0 have had limited applica-
tion to in situ studies of viruses of single-celled micro-
organisms, in part because counts of the number of virus
particles have been used as a proxy for eco-evolutionary
success (e.g., [33]). Yet, there are precedents for doing
so. A ‘phage reproductive number’ has been proposed to
quantify the proliferation of lytic viruses [34–36] and the
ratio of new phage particles produced to those introduced
has been used to identify invasision and equilibrium con-
ditions for lytic viruses [37, 38]. However, the production
of new virus particles does not, in and of itself, constitute
a new infection. In addition, particle production is not
the only way for viruses of microbes to proliferate at the
population scale.

The virocell paradigm o↵ers a path forward towards a
unified notion of viral fitness [39, 40]. The paradigm cen-

ters on the idea that the “real living [viral] organism” [39]
is an infected cell actively producing new virions, i.e.,
the “virocell”. In contrast, conventional definitions of a
virus refer to the physical properties of the virus parti-
cle, e.g., nucleic acids surrounded by a protein coat. As
a consequence, it would seem logical to surmise that the
viability of a viral strategy should be measured in terms
of the number of new virocells produced.
Here we reconcile the virocell and conventional

paradigms by adapting definitions of R0 to the ecologi-
cal study of viruses of microorganisms. Specifically, we
propose the following definition:

R0: the average number of new infected cells
produced by a single (typical) infected cell and
its progeny virions in an otherwise susceptible
population.

This definition includes a critical asymmetry: counting
viral reproduction in terms of infected cells, i.e., with
progeny viral genomes in them, rather than in terms
of virus particles. Elsewhere, the basic reproduction
number has been used to compare the fitness of vari-
ants of temperate phage � given eco-evolutionary feed-
back [41, 42] (see Discussion for more details). Here,
we utilize a cell-centric basic reproduction number as a
means to compare and unify the study of broad class-
es of viral strategies, including obligately lytic, latent,
or chronic viral strategies. This definition accounts for
infections caused by “vertical” transmission (i.e., from
mother to daughter cell), those caused by “horizontal”
transmission (i.e. from an infected cell to another sus-
ceptible cell in the population), and those caused by a
combination of both routes (e.g., as in chronic viruses).
Next, we explain how to calculate R0 and conditions for
invasion within nonlinear models of virus and microbial
population dynamics.

III. OBLIGATELY LYTIC VIRAL STRATEGIES
– A BASELINE FOR COMPARISON

We begin our examination of obligately lytic strategies
given a virion-centric perspective. Obligately lytic virus-
es infect and lyse their microbial hosts, thereby modifying
the population densities of viruses and cells. Virus-host
interactions can be represented via a set of nonlinear dif-
ferential equations (see Figure 1 for this and other model
schematics and Methods for equations). We evaluate the
spread of viruses in an otherwise susceptible population
in Eq. (A6) using the Next-Generation Matrix (NGM)
approach. NGM considers the dynamics of the linearized
infected subsystem [32], i.e., the densities of infected cells
and virus particles (see Appendix for analysis). Via a
NGM analysis, we find that viruses should spread when

Rhor = �

✓
�S⇤

�S⇤ + m

◆✓
⌘

⌘ + d0

◆
> 1. (1)
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We linearize the dynamics around the virus-free equilibrium,
(S⇤, 0, 0) where S⇤ = K(1 � d/b), and focus on the infected sub-
system of X(t) = [I(t) V (t)]|. The linearized infected subsystem
dynamics can be written as Ẋ = (T + ⌃)X where
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denote transition events (i.e., corresponding to changes in the state
of viral genomes, including loss of infections). Via the NGM the-
ory, the basic reproduction number R0 corresponds to the largest
eigenvalue of the matrix �T⌃�1. The i, j matrix elements of ⌃�1

correspond to the expected duration in state i of a viral genome
that begins in state j. For this model,
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As a consequence, the basic reproduction number is:
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2. Temperate-like strategies

Consider the dynamics of susceptible cells, infected cells (which
denote lysogens), and virus particles:
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where N = S+ I is the total cell population density. As before, we
linearize the dynamics around the virus-free equilibrium, (S⇤, 0, 0)
where S⇤ = K(1 � d/r), and focus on the infected subsystem of
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As a consequence, the basic reproduction number is:
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3. Chronic strategies

Consider the model of interactions between chronic viruses and
microbial hosts:
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where N = S + I is the total population density of cells. We rec-
ognize that the previous temperate model and the current chronic
strategy model can be re-scaled to be equivalent. Nonetheless,
the trade-o↵ mechanisms are di↵erent and we note that in chronic
infections, release of new virions need not be associated with lysis.

As before, we linearize the dynamics around the virus-free equi-
librium, (S⇤, 0, 0) where S⇤ = K(1�d/b), and focus on the infected
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As a consequence, the basic reproduction number is:
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larly during unfavorable periods for hosts (via lysogeny).
Such arguments rely on generalized estimates of long-
term growth rates without invoking the nonlinear feed-
back mechanisms underlying virus-microbe interactions.
Moreover, a focus on long-term estimates of growth does
not directly address whether killing a microbial host
cell is the advantageous strategy for a virus at a giv-
en moment in time. As noted by [28], ecological mod-
els that incorporate feedback mechanisms of virus-host
interactions are required to understand the viability of
realized viral strategies.

Viruses have evolved many mechanisms to propagate
with microbial hosts. Here, we use the word “strategies”
to denote the type of mechanism underlying viral propa-
gation. Comparing the relative fitness of viral strategies
requires some means to quantify reproduction and sur-
vival across an entire viral life cycle, even if the molecular
details, host strain, or virus strain di↵er. Here we pro-
pose to utilize an epidemiological framework to quantify
viral fitness in which viral proliferation amongst micro-
bial hosts is measured in terms of infected cells instead of
virus particles. We show how doing so can help predict
and explain a continuum of infection strategies observed
in di↵erent environmental contexts.

II. ON HORIZONTAL AND VERTICAL
TRANSMISSION

Viruses are obligate intracellular parasites. As such,
virus-microbe dynamics can be re-cast in terms of the
spread of an infectious disease through a microbial popu-
lation. The risk for the spread of an infectious disease can
be quantified in terms of the basic reproduction number,
R0, “arguably the most important quantity in infectious
disease epidemiology” [29]. In mathematical epidemiolo-
gy, R0 is defined as the average number of new infected
individuals caused by a single (typical) infected individu-
al in an otherwise susceptible population [30]. Measuring
R0 is the de facto standard for assessing pathogen inva-
sion, e.g., when R0 > 1 then a pathogen is expected to
increase its relative abundance in a population [31, 32].

Thus far, estimates of R0 have had limited applica-
tion to in situ studies of viruses of single-celled micro-
organisms, in part because counts of the number of virus
particles have been used as a proxy for eco-evolutionary
success (e.g., [33]). Yet, there are precedents for doing
so. A ‘phage reproductive number’ has been proposed to
quantify the proliferation of lytic viruses [34–36] and the
ratio of new phage particles produced to those introduced
has been used to identify invasision and equilibrium con-
ditions for lytic viruses [37, 38]. However, the production
of new virus particles does not, in and of itself, constitute
a new infection. In addition, particle production is not
the only way for viruses of microbes to proliferate at the
population scale.

The virocell paradigm o↵ers a path forward towards a
unified notion of viral fitness [39, 40]. The paradigm cen-

ters on the idea that the “real living [viral] organism” [39]
is an infected cell actively producing new virions, i.e.,
the “virocell”. In contrast, conventional definitions of a
virus refer to the physical properties of the virus parti-
cle, e.g., nucleic acids surrounded by a protein coat. As
a consequence, it would seem logical to surmise that the
viability of a viral strategy should be measured in terms
of the number of new virocells produced.
Here we reconcile the virocell and conventional

paradigms by adapting definitions of R0 to the ecologi-
cal study of viruses of microorganisms. Specifically, we
propose the following definition:

R0: the average number of new infected cells
produced by a single (typical) infected cell and
its progeny virions in an otherwise susceptible
population.

This definition includes a critical asymmetry: counting
viral reproduction in terms of infected cells, i.e., with
progeny viral genomes in them, rather than in terms
of virus particles. Elsewhere, the basic reproduction
number has been used to compare the fitness of vari-
ants of temperate phage � given eco-evolutionary feed-
back [41, 42] (see Discussion for more details). Here,
we utilize a cell-centric basic reproduction number as a
means to compare and unify the study of broad class-
es of viral strategies, including obligately lytic, latent,
or chronic viral strategies. This definition accounts for
infections caused by “vertical” transmission (i.e., from
mother to daughter cell), those caused by “horizontal”
transmission (i.e. from an infected cell to another sus-
ceptible cell in the population), and those caused by a
combination of both routes (e.g., as in chronic viruses).
Next, we explain how to calculate R0 and conditions for
invasion within nonlinear models of virus and microbial
population dynamics.

III. OBLIGATELY LYTIC VIRAL STRATEGIES
– A BASELINE FOR COMPARISON

We begin our examination of obligately lytic strategies
given a virion-centric perspective. Obligately lytic virus-
es infect and lyse their microbial hosts, thereby modifying
the population densities of viruses and cells. Virus-host
interactions can be represented via a set of nonlinear dif-
ferential equations (see Figure 1 for this and other model
schematics and Methods for equations). We evaluate the
spread of viruses in an otherwise susceptible population
in Eq. (A6) using the Next-Generation Matrix (NGM)
approach. NGM considers the dynamics of the linearized
infected subsystem [32], i.e., the densities of infected cells
and virus particles (see Appendix for analysis). Via a
NGM analysis, we find that viruses should spread when

Rhor = �

✓
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We linearize the dynamics around the virus-free equilibrium,
(S⇤, 0, 0) where S⇤ = K(1 � d/b), and focus on the infected sub-
system of X(t) = [I(t) V (t)]|. The linearized infected subsystem
dynamics can be written as Ẋ = (T + ⌃)X where

T =


0 �S⇤

0 0

�
(A2)

denote transmissions events (i.e., corresponding to epidemiological
births) and

⌃ =


�⌘ � d0 0

�⌘ ��S⇤ �m

�
(A3)

denote transition events (i.e., corresponding to changes in the state
of viral genomes, including loss of infections). Via the NGM the-
ory, the basic reproduction number R0 corresponds to the largest
eigenvalue of the matrix �T⌃�1. The i, j matrix elements of ⌃�1

correspond to the expected duration in state i of a viral genome
that begins in state j. For this model,

�⌃�1 =

" 1
⌘+d0 0

�
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As a consequence, the basic reproduction number is:

R0 =
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◆
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2. Temperate-like strategies

Consider the dynamics of susceptible cells, infected cells (which
denote lysogens), and virus particles:
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where N = S+ I is the total cell population density. As before, we
linearize the dynamics around the virus-free equilibrium, (S⇤, 0, 0)
where S⇤ = K(1 � d/r), and focus on the infected subsystem of
X(t) = [L(t) V (t)]|. The linearized infected subsystem dynamics
can be written as Ẋ = (T + ⌃)X where

T =


qb0(1� S⇤/K) �S⇤

0 0

�
(A7)

denote transmission events and
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denote transition events. For this model,
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As a consequence, the basic reproduction number is:

R0 =
qb0(1� S⇤/K)
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3. Chronic strategies

Consider the model of interactions between chronic viruses and
microbial hosts:
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where N = S + I is the total population density of cells. We rec-
ognize that the previous temperate model and the current chronic
strategy model can be re-scaled to be equivalent. Nonetheless,
the trade-o↵ mechanisms are di↵erent and we note that in chronic
infections, release of new virions need not be associated with lysis.

As before, we linearize the dynamics around the virus-free equi-
librium, (S⇤, 0, 0) where S⇤ = K(1�d/b), and focus on the infected
subsystem of X(t) = [I(t) V (t)]|. The linearized infected subsys-
tem dynamics can be written as Ẋ = (T + ⌃)X where

T =


b0(1� S⇤/K) �S⇤

0 0

�
(A12)

denote transmission events and
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�
(A13)

denote transition events. For this model,
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(A14)

As a consequence, the basic reproduction number is:

R0 =
b0(1� S⇤/K)
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We linearize the dynamics around the virus-free equilibrium,
(S⇤, 0, 0) where S⇤ = K(1 � d/b), and focus on the infected sub-
system of X(t) = [I(t) V (t)]|. The linearized infected subsystem
dynamics can be written as Ẋ = (T + ⌃)X where

T =


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denote transmissions events (i.e., corresponding to epidemiological
births) and
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(A3)

denote transition events (i.e., corresponding to changes in the state
of viral genomes, including loss of infections). Via the NGM the-
ory, the basic reproduction number R0 corresponds to the largest
eigenvalue of the matrix �T⌃�1. The i, j matrix elements of ⌃�1

correspond to the expected duration in state i of a viral genome
that begins in state j. For this model,
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where N = S+ I is the total cell population density. As before, we
linearize the dynamics around the virus-free equilibrium, (S⇤, 0, 0)
where S⇤ = K(1 � d/r), and focus on the infected subsystem of
X(t) = [L(t) V (t)]|. The linearized infected subsystem dynamics
can be written as Ẋ = (T + ⌃)X where
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3. Chronic strategies

Consider the model of interactions between chronic viruses and
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where N = S + I is the total population density of cells. We rec-
ognize that the previous temperate model and the current chronic
strategy model can be re-scaled to be equivalent. Nonetheless,
the trade-o↵ mechanisms are di↵erent and we note that in chronic
infections, release of new virions need not be associated with lysis.

As before, we linearize the dynamics around the virus-free equi-
librium, (S⇤, 0, 0) where S⇤ = K(1�d/b), and focus on the infected
subsystem of X(t) = [I(t) V (t)]|. The linearized infected subsys-
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
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cell deathz}|{
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dL

dt
=
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cell deathz}|{
d0L
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�p⌘L�
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viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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of obligately lytic viruses. Here, the mother virus generates
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ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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FIG. 2: Schematic of cell-centric counting of the reproduction
of obligately lytic viruses. Here, the mother virus generates
dozens, if not hundreds of virions, most of these decay or are
otherwise removed from the environment. Only three viri-
ons infect cells, these are progeny viruses, aka new mothers.
Hence, the horizontal R0 of this virus is 3.
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FIG. 3: Virus reproduction as a function of burst size and sus-
ceptible cell density.The contours denote the log10 of R0, as
measured using Eq. (3), given variation in burst size, �, and
susceptible cell density, S. Viruses invade when Rhor > 1 or,
equivalently when log10 Rhor > 0. Contours denote combi-
nations of (�, S⇤) of equivalent Rhor. Additional parameters
that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-

tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
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equations:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dI

dt
=

logistic growthz }| {
b0I (1� N/K)+

infectionz }| {
�SV �

cell deathz}|{
d0I

dV

dt
=

virion productionz}|{
↵I �

infectionz }| {
�SV �

viral decayz}|{
mV

(9)

in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as

Rchron ⌘

horizontalz }| {
↵

d0

✓
�S⇤

�S⇤ + m

◆
+

verticalz }| {
b0(1� S⇤/K)

d0
> 1. (10)

This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.

VI. DISCUSSION

We have proposed a unified theoretical framework to
calculate the spread of viral strategies across a continu-
um from lysis to lysogeny. By defining viral reproduction
in terms of infected cells, we are able to directly com-
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in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
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right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.
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in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.
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in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.

VI. DISCUSSION

We have proposed a unified theoretical framework to
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in terms of infected cells, we are able to directly com-
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M13. The dynamics of viruses, V , chronically infected
cells, I, and susceptible microbial cells, S, can be mod-
eled using the following system of nonlinear di↵erential
equations:
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in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
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one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
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in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.

VI. DISCUSSION

We have proposed a unified theoretical framework to
calculate the spread of viral strategies across a continu-
um from lysis to lysogeny. By defining viral reproduction
in terms of infected cells, we are able to directly com-
pare the spread of obligately lytic viruses, latent viruses,

Population dynamics of chronic viruses

Obligately lytic  (e.g., T4)

S V

Lo
ss

Lo
ss

Infection I
Lo

ssUptake & 
growth

Lysis

0Mother

LysisEntry

3Progeny

2Progeny

1Progeny

Rhor = 3

Infection

Po
pu

la
tio

n 
pe

rs
pe

ct
iv

e
In

di
vi

du
al

 p
er

sp
ec

tiv
e

+V

Chronic viruses (e.g., filamentous M13)

S V

Lo
ss

Lo
ss

Infection C
Lo

ssUptake & 
growth

Uptake & 
growth

Production

0Mother

Chronic
production

Entry

Rchron = Rhor + Rver = 3

1Progeny

Cell
death

0Mother 0Mother

Rver = 1

Rhor = 2

2Progeny

3Progeny

+V

6

M13. The dynamics of viruses, V , chronically infected
cells, I, and susceptible microbial cells, S, can be mod-
eled using the following system of nonlinear di↵erential
equations:

dS
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virion productionz}|{
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viral decayz}|{
mV

(9)

in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as
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This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
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new cells, yielding a horizontal R0 of 2. The total is 3, i.e.,
the sum of horizontal and vertical components.

one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
S⇤.
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Take-away
Temperate/chronic modes are favored when 
‘susceptible’ populations are relatively low & 
lysogens have relative growth advantage or 

extracellular decay rates are high for virions. 

(potentially a far greater range than expected). 

Weitz et al.  Virus Evolution (2019)



What environmental conditions should favor 
lysogeny rather than lysis?

Answering this question requires a unified 
metric, e.g.,:
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point for investigating the potential benefits of non-lytic
strategies [27]. This study proposed that temperate
phage, like phage � could persist over the long term if
prophage integration directly enhanced host fitness or
enhanced resistance to infections by other lytic phage
(“superinfection immunity”). The same study predicted
that oscillations in population abundances could provide
an ecological “niche” for temperate phage. In essence,
if bacterial densities were too low to support the spread
of lytic phage, then temperate phage already integrat-
ed into lysogens could persist until “conditions become
favorable for the bacteria to proliferate” [27]. Yet this
finding does not exclude the possibility that lytic strate-
gies could out-compete temperate strategies – even if lysis
at low densities leads to population collapse.

More recently, e↵orts to understand why viruses should
be temperate have drawn upon the mathematical the-
ory of portfolio balancing [28]. According to portfolio
balancing theory, the temperate strategy enables virus-
es to expand rapidly during stable periods for hosts (via
lysis) and mitigate risks of population collapse, particu-
lar during unfavorable periods for hosts (via lysogeny).
Such arguments rely on generalized estimates of long-
term growth rates without invoking the nonlinear feed-
back mechanisms underlying virus-microbe interactions.
Moreover, a focus on long-term estimates of growth does
not directly address whether killing a microbial host
cell is the advantageous strategy for a virus at a giv-
en moment in time. As noted by [28], ecological mod-
els that incorporate feedback mechanisms of virus-host
interactions are required to understand the viability of
realized viral strategies.

Viruses have evolved many mechanisms to propagate
with microbial hosts. Here, we use the word “strategies”
to denote the type of mechanism underlying viral propa-
gation. Comparing the relative fitness of viral strategies
requires some means to quantify reproduction and sur-
vival across an entire viral life cycle, even if the molecular
details, host strain, or virus strain di↵ers. Drawing upon
the foundations of mathematical epidemiology, here we
propose a theory to quantify viral fitness in which viral
proliferation is measured in terms of infected cells instead
of virus particles. In doing so, we show how this theory
can predict and explain a continuum of infection strate-
gies observed in di↵erent environmental contexts.

II. ON HORIZONTAL AND VERTICAL
TRANSMISSION

Viruses are obligate intracellular parasites. As such,
virus-microbe dynamics can be re-cast in terms of the
spread of an infectious disease through a microbial popu-
lation. The risk for the spread of an infectious disease can
be quantified in terms of the basic reproduction number,
R0, “arguably the most important quantity in infectious
disease epidemiology” [29]. In mathematical epidemiolo-
gy, R0 is defined as the average number of new infected

individuals caused by a single (typical) infected individu-
al in an otherwise susceptible population [30]. Measuring
R0 is the de facto standard for assessing pathogen inva-
sion, e.g., when R0 > 1 then a pathogen is expected to
increase its relative abundance in a population [31, 32].
Thus far, estimates of R0 have had limited application in
the study of the ecology of viruses of single-celled micro-
organisms, in part because counts of the number of virus
particles have been used as a proxy for eco-evolutionary
success (e.g., [33]). However, the production of new virus
particles does not, in and of itself, constitute a new infec-
tion. In addition, particle production is not the only way
for viruses of microbes to proliferate at the population
scale.
The virocell paradigm provides a path forward towards

a unified notion of viral fitness [34, 35]. The paradigm
centers on the idea that the “real living [viral] organ-
ism” [34] is an infected cell actively producing new viri-
ons, i.e., the “virocell”. In contrast, conventional defi-
nitions of a virus refer to the physical properties of the
virus particle, e.g., nucleic acids surrounded by a protein
coat. As a consequence, it would seem logical to surmise
that the viability of a viral strategy should be measured
in terms of the number of new virocells produced.
Here we reconcile the virocell and conventional

paradigms by adapting definitions of R0 to the study of
viruses of microorganisms. Specifically, we propose the
following definition:

R0: the average number of new infected cells
produced by a single (typical) infected cell and
its progeny virions in an otherwise susceptible
population.

This definition counts viral reproduction in terms of
infected cells, i.e., with progeny viral genomes in them,
rather than in terms of virus particles. For reasons that
we will make clear in subsequent sections, this defini-
tion of R0 includes a critical asymmetry: we use infected
cell, and not virion, production to measure viral spread.
Characterizing the dynamics of virus genomes inside cells
and virus particles outside of cells also enables compar-
isons amongst viruses with di↵erent life cycles. In par-
ticular, this definition accounts for infections caused by
“vertical” transmission (i.e., from mother to daughter
cell) and those caused by “horizontal” transmission (i.e.
from an infected cell to another susceptible cell in the
population). Next, we explain how to calculate R0 and
conditions for invasion within nonlinear models of virus
and microbial population dynamics.

III. OBLIGATELY LYTIC VIRAL STRATEGIES
– A BASELINE FOR COMPARISON

We begin our examination of obligately lytic strategies
given a virion-centric perspective. Obligately lytic virus-
es infect and lyse their microbial hosts, thereby modifying
the population densities of viruses and cells. Virus-host



45

1

2
LLIE EV

S

LL

IE EV

SS

+
1

2

LL

R0 = + +

+ +

+
I EV

SS

LL

1

2

E EV

S

I

S

- L L

P1 P2 P3

P 2
1 P 2

2 P 2
3

2P1P3 2P2P3

2P1P2

IL EV

SS

E

IL EV

SS

E

IE EV

S

IL EV

SS

+
E



46

1

2
LLIE EV

S

LL

IE EV

SS

+
1

2

LL

R0 = + +

+ +

+
I EV

SS

LL

1

2

E EV

S

I

S

- L L

P1 P2 P3

P 2
1 P 2

2 P 2
3

2P1P3 2P2P3

2P1P2

IL EV

SS

E

IL EV

SS

E

IE EV

S

IL EV

SS

+
E

Take-away
Loop-based approach decomposes viral fitness 

into lytic, lysogenic, and lyso-lytic loops, 
transcends model details & reveals generic 

mechanisms for the benefits of latency.

Li, Cortez & Weitz, biorxiv: 709758



Q: What is a Virus?

D: All of the above.

Viral fitness in the environment depends on measuring the 
present and long-term value of infection across the entire 
viral life cycle, whether inside or outside hosts.

A new challenge for theory, experiments, and field-work.

Virion Lysogen Lytically
infected cell

A) B) C)
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M13. The dynamics of viruses, V , chronically infected
cells, I, and susceptible microbial cells, S, can be mod-
eled using the following system of nonlinear di↵erential
equations:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dI

dt
=

logistic growthz }| {
b0I (1� N/K)+

infectionz }| {
�SV �

cell deathz}|{
d0I

dV

dt
=

virion productionz}|{
↵I �

infectionz }| {
�SV �

viral decayz}|{
mV

(9)

in which the total number of cells is denoted as N = S+I.
Although it can be remapped to the latency model, this
system of equations represents distinct mechanistic pro-
cesses, including establishment of a chronically infected
cell and release of virions from chronically infected cells
without lysis at a per-capita rate ↵. As such, we expect
that both vertical and horizontal transmission can take
place concurrently.

As before, consider a newly infected cell in an environ-
ment in which all other cells are susceptible and there
are no additional virus particles. The chronic cell will
remain viable for an average duration of 1/d0. In that
time, the chronic cell will produce new virions at a rate
↵, of which only �S⇤/ (�S⇤ + m) will survive to enter
another cell. This is the horizontal component of repro-
duction for the chronic cell. Concurrently in that time,
the chronic cell will divide at a rate b0(1 � N/K). This
is the vertical component of reproduction for the chronic
cell. Hence a chronic virus will spread at the population
scale, on average, as long as

Rchron ⌘

horizontalz }| {
↵

d0

✓
�S⇤

�S⇤ + m

◆
+

verticalz }| {
b0(1� S⇤/K)

d0
> 1. (10)

This decomposition of reproduction into horizontal and
vertical components (see Figure 6) enables simple and
interpretable calculations (see Appendix for the next-
generation matrix method and derivation).

This analysis shows how the spread of chronic viruses
depends on both infected cell traits and virion-associated
traits. As a consequence, it would suggest that chronic
viruses should evolve adaptations to improve the sum of
horizontal and vertical reproduction. Without trade-o↵s,
this would lead to chronic viruses with arbitrarily high
virion release rates and arbitrarily low cell death rates.
Yet, there will likely be trade-o↵s. For example, increas-
ing the virion production rate, ↵, may improve horizontal
reproduction, but if doing so increases cell death, d0, then
the overall change inRchron may be negative. As a result,
it is possible that chronic viruses could have the largest
reproduction number in an intermediate density regime
(see example in Figure 7). Understanding the pleiotropic
e↵ects of changes to chronic virus genotypes may provide
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duction number of chronic viruses. In this example, the moth-
er virus divides once, yielding a vertical R0 of 1. The mother
virus chronically produces multiple virions of which 2 infect
new cells, yielding a horizontal R0 of 2. The total is 3, i.e.,
the sum of horizontal and vertical components.

one route to characterizing the evolution of viral strate-
gies in which both horizontal and vertical transmission
rates operate concurrently [41].
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FIG. 7: Viral strategies with the highest R0 vary with sus-
ceptible host density, including exclusively vertical (bold blue,
left), mixed (bold green, middle), and horizontal ( bold red,
right) modes of transmission. Relevant parameters are (i) for
obligately lytic viruses (red): � = 100, � = 6.7⇥10�10 ml/hr,
and m = 0.13 hr�1; (ii) for chronic viruses (green): b0 = 0.68
hr�1, d0 = 0.63 hr�1, ↵ = 20 hr�1, � = 3.4 ⇥ 10�10 ml/hr,
and m = 0.04 hr�1; (iii) for temperate viruses, given vertical
transmission (blue) b0 = 0.54 hr�1, d0 = 0.44 hr�1, where
K = 7, 5 ⇥ 107 ml�1 in all three scenarios given variation in
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that a↵ect viral reproduction are � = 6.7⇥ 10�10 ml/hr and
m = 1/24 hr�1.

d0 is the loss rate of infected cells, then only a fraction
⌘/(⌘+d0) of infected cells will release virions before being
washed out of the system. As such, the corrected basic
reproduction number for obligately lytic viruses is:

Rhor = �

✓
�S⇤

�S⇤ + m

◆✓
⌘

⌘ + d0

◆
(4)

Although both interpretations - the virion-centric and
the cell-centric - lead to equivalent estimates of R0 for
obligately lytic viruses, we will use the cell-centric def-
inition to unify comparisons across a spectrum of viral
strategies.

IV. LATENT VIRAL STRATEGIES

In this section we consider the dynamics of latent viral
strategies, such as temperate phage, in which prolifera-
tion may be either horizontal or vertical (but not both
simultaneously). We model the dynamics of latent virus-
es using the following set of nonlinear di↵erential equa-
tions:

dS

dt
=

logistic growthz }| {
bS (1� N/K)�

infectionz }| {
�SV �

cell deathz}|{
dS

dL

dt
=

lysogen growthz }| {
qb0L (1� N/K)+

infectionz }| {
�SV �

lysisz}|{
p⌘L �

cell deathz}|{
d0L

dV

dt
=

lysisz }| {
�p⌘L�

infectionz }| {
�SV �

viral decayz}|{
mV

(5)

This system of equations represents changes in the den-
sity of virus particles, V , lysogens, L, and susceptible
microbial cells, S, in which the total density of cells is
denoted as N = S + L. In this formulation, the relative
rate of lysogenic growth and cellular lysis is controlled by
the scaling factors q and p. When q = 1 and p = 0 then
all infections are strictly latent and only lead to lyso-
genic growth. In contrast, when q = 0 and p = 1 then
all infections are strictly lytic and only lead to cellular
lysis. This is a variant of a nutrient-explicit formulation
considered as part of an analysis of the tradeo↵s under-
lying lysis and lysogeny for marine viruses [39]. Note
that this model includes only a single infected state for
cells; analysis of a related model, including detailed pro-
cesses of integration and induction, will be the subject of
follow-up work.
Using Eq. (5), we first consider the case p = 0 and

q = 1 to focus on the vertical pathway. In the vertical
pathway, virus genomes exclusively integrate with host
cell genomes which can then be passed on to daughter
cells. We use the cell-centric interpretation as before, and
consider infection dynamics given a single lysogen in an
otherwise susceptible population with no virus particles:

dL

dt
=

✓
b0
✓
1� S⇤

K

◆
� d0

◆
L (6)

This exponential growth equation predicts that lysogens

will spread in abundance as long as
⇣
b0
⇣
1� S⇤

K

⌘
� d0

⌘
>

0. We can rewrite this condition for proliferation as:

Rver =
b0
⇣
1� S⇤

K

⌘

d0
> 1. (7)

Here, the subscript denotes the fact that R0 is entire-
ly derived from vertical transmission of viral genomes
among lysogens.
The basic reproduction number also has a mechanistic

interpretation. The term b0(1 � S⇤/K) represents the
birth rate of lysogens, which decreases with increasing
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FIG. 5: Basic reproduction number of temperate viruses as
a function of susceptible cell density. The increasing (red)
line denotes the horizontal R0 if temperate phage infect then
always lyse cells. The decreasing (blue) line denotes the verti-
cal R0 if temperate viruses always integrate with their hosts.
Relevant parameters are � = 50, � = 6.7 ⇥ 10�10 ml/hr,
K = 7.5⇥107 ml�1, and b0 = 0.32, 0.54 and 1 hr�1 as well as
d0 = 0.75, 0.44, and 0.24 hr�1 for the three lysogeny curves
from bottom to top respectively.

number of cells - whether susceptibles or lysogens. Given
that d0 is the death rate of lysogens, the term 1/d0 denotes
the average lifespan of an individual lysogen. Therefore,
this reproduction number is equal to the average number
of newly infectious cells produced in the lifetime of the
original infection (see Figure 4). If this number is greater
than one, then a single lysogen will beget more than one
lysogen, on average, and those lysogens will do the same,
and so on.
Measuring reproduction in this way also provides a

mechanistic interpretation to the value of vertical trans-
mission without invoking environmental fluctuations or
other long-term measures of fitness. As is evident, lyso-
gens reproduce more frequently when they are subject to
less competition with hosts, i.e., when S⇤ is small relative
to K. Given the value of S⇤ in the particular ecological
model of Eq. (5), the basic reproduction number can be

written as Rver = (b0/d0)

�
(b/d). Hence, if lysogens

have more advantageous life history traits than do sus-
ceptible cells (as measured by a higher birth to death
rate ratio, i.e., b0/d0 larger than b/d), then viruses can
spread exclusively via vertical transmission. This benefit
of lysogeny applies in the immediate term and provides
direct support for how a lysogen that benefits its host can
also benefit the virus. However, if lysogeny comes with a
cost (i.e., b0/d0 lower than b/d), then vertical transmission
alone will not be enough for Rver > 1. More generally,
note that Rver is a monotonically decreasing function of
S⇤, such that increased abundances – all things being
equal – diminishes the advantage for vertical transmis-
sion.
To consider horizontal transmission, consider the case

where p = 1 and q = 0. In that case, analysis of the
full model in Eq. (5) reduces to that of the obligately
lytic virus already presented in Eq. (A5). This raises the
question: does a strictly lytic or strictly lysogenic strate-
gy have a higher basic reproduction number? Recall that
the horizontal R0 is an increasing function of susceptible
cell density, i.e., when there are more hosts then the value
of horizontal transmission increases. The value of Rhor

and Rver cross at a critical value, Sc, which satisfies

b0
�
1� Sc

K

�

d0
=

��Sc

�Sc + m
(8)

For S > Sc, then p = 1 and q = 0 has the high-
er basic reproduction number, (i.e., horizontal transmis-
sion is favored) whereas for S < Sc, then p = 0 and
q = 1 has the higher basic reproduction number, (i.e.,
vertical transmission is favored). Extending prior analy-
sis, we identify threshold conditions separating out when
lysis should be favored at high density vs. when lysoge-
ny should be favored at low density (see Figure 5). The
use of a cell-centric metric makes it evident that vertical
transmission can be evolutionarily advantageous given
low densities of permissive hosts without invoking group
selection or long-term fitness (see [40]).

V. CHRONIC VIRAL STRATEGIES

Finally, we consider the dynamics of “chronic” virus
strategies, or what have been termed “chronic” or “pro-
ducer” strains in other contexts. We use the term chronic
to denote those viruses that infect cells, are propagated
along with the cell, and produce virions that are released
from the cell without lysis, e.g, like filamentous phage
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